Venturi scrubbers are usually used for large particles cleaning in turbulent gaseous flow. In this work, submicron particles scrubbing in laminar forced convection dusty air flow in a rectangular venturi scrubber have been numerically simulated. Hydrodynamics effects and scrubbing process are investigated in detail. Results are presented as flow velocity, axial pressure, streamlines pattern, particles and droplets mass fraction profile, and collect efficiency. They show that venturi scrubbers can be efficient for submicron particles scrubbing. In fact, a better collect efficiency is obtained at high particles-droplets residence time, high ratio droplets concentration/particles concentration, low venturi diameter ratioand low Reynolds numbers. There is a critical Reynolds number value for which the collect efficiency becomes very low and tends to be constant.
Introduction
Venturi scrubbers are widely used for particles and gaseous collection from industrial exhaust. Their high collection efficiency coupled with low construction and maintenance cost has led to many studies. The large power requirements for operation and large pressure drop across the device are its main drawbacks [1] . These devices consist of channel with three parts: a convergent section, a throat and a divergent section or diffuser. The polluted gas stream is accelerated in the convergent, reaches its maximum velocity in the throat and finally is decelerated in the diverging section. A liquid or an aqueous solution (generally water) is introduced in the venturi to create a spray of droplets for the particles capture. The droplets that captured particles are separated in a device connected to the venturi and the cleaned air is discharged into the atmosphere. In dusty gas scrubbing process by droplets in wet scrubbers, large particles are principally collected by inertial impaction [2] . Their large inertia allows them to leave the gas streamlines to impact onto water drops. Submicron particles which have diameter less than 1µm because their smallness cannot impact onto drops and are collected by brownian diffusion [3] . If a particle follows a streamline which approaches the drop within a distance of the particle radius, the particle is captured by the drop; this kind of collection is called interception. The size of droplets usually lies in the range of 0.1 -1 mm in diameter [4] . The mode of introduction of the scrubbing liquid has led to three types of venturi: The Pease-Anthony type, the wetted approach type and the ejector type. In the Pease-Anthony venturi type, the scrubbing liquid is introduced into gas stream usually at the throat and sprayed by the high gas velocity. This kind of venturi is the first to be investigated [5] - [8] . Basing on the inertial impaction hypothesis, they have shown that the collect efficiency is depending on gas liquid ratio, venturi geometry, particles and droplets size; And large particles lead to a better collect efficiency. In the wetted approach type, the scrubbing liquid is introduced as a film streaming along the venturi tube walls. Here, droplets are formed due to the gas shear on the liquid film, particularly in the throat and a portion of the liquid remains as a film on the wall. This type of venturi is recommended for hot gas flow, adhesives and corrosives dust [9] - [11] . They have shown that the fraction of liquid streaming as a film influences the collect efficiency and the pressure drop across the device. In the ejector type, the liquid is injected through nozzles by a pressure atomizer at the throat. This king of venturi is efficient for both particles and gaseous pollutants. Moreover, it is ideal for handling sticky or abrasive materials [12] . Despite their dangerousness for human health [13] [14] , submicron particles have not been received much attention in venturi scrubbing process. In these studies cited above, only large particles are considered and the collect hypothesis is only based on inertial impaction. To improve the submicron particles removal efficiency by impaction, others mechanisms such as electrostatic attraction and condensation of water vapor on particles may be used [15] [16] to increase particles size. In others wet scrubbers, diffusion mechanism has been widely studied. Slinn [17] , using dimensional analysis coupled with experimental data, gives correlation for single rain droplet collect efficiency. Jung and Lee [18] derive the collision efficiency due to Brownian diffusion and interception for a multiple fluid sphere system. As seen, diffusive effects have been neglected in venturi scrubbing process.
Recently, Igo et al. [19] [20] performed a numerical code to study the heat and mass transfer in venturi channels. Therefore, the objective of this work is to adapt this code for the submicron particles collection study in venturi scrubbers based on diffusion mechanisms.
Problem Formulation
The venturi channel is composed of two plates of sections lengths (L1, L2, L3, L4, L5). The distance between the plates is 2R in the entrance region. The external surface plates are subjected to a constant wall temperature T w . Temperature T o , relative humidity ϕ o , downward velocity U o , concentration of particles C po of dusty air flow are supposed to be uniform in the inlet of the venturi channel. A spray of droplets is injected into gas stream at the inlet with an initial concentration C do . The venturi wetted walls are submitted to the evaporation of water vapor.
It is assumed that: -Transfers are two-dimensional and axisymetric; -The radial pressure gradient component is neglected; -Dufour and Soret effects are neglected; -Collects mechanisms are only by diffusion and interception; -The number of particles collected is equal to the number of droplets lost; -The mixture composed of air, particles and droplets, is considered as an uncompressible ideal gas. The dimensionless equations modeling the dusty air flow through the venturi scrubber in the referential (o,x,z) (see Figure 1) are:
Continuity equation ( ) ( )
Axial-momentum equation
Radial-momentum equation
Energy equation
Convection-diffusion equation of water vapor
Flow rate conservation
o Q * and ev Q * are respectively the inlet gas flow rate and the cumulated evaporated flow rate. According to Seinfeld and Pandis [21] , the single drop collision efficiency is defined as the number of particles contained within the volume swept by a falling drop that are collected. Note that one droplet sweeps per unit time a volume of cylinder equal to
So, by writing mass balance for particles, the term source representing the amount of disappearing of particles can be expressed as:
EF is the overall efficiency collect by a single droplet:
where
are the collision efficiency due to Brownian diffusion and the collision efficiency due to interception respectively. According to Jung and Lee (1998), they can be expressed as:
where α is the packing density, defined as the volume fraction of drops, σ is the viscosity ratio of water to air,
and Pe is the Peclet number. Using one of the hypothesis formulated above (the number of particles collected is equal to the number of droplets lost), S d = S p . Dimensionless terms sources can then be deduced as:
3. Numerical Procedure
Coordinate Transformation
In order to avoid the non-uniformity of the mesh spacing along the venturi plane, we use a mathematical transformation which transforms the irregular surface of the plate into a straight line:
( ) ( ) (2)- (7) can be rewritten in the numerical domain:
where γ, B, κ, χ, and G are defined below ( Table 1) . The Equations (1) and (8) are respectively: 
Boundaries Conditions
At the inlet (ξ = 0, 0 < η < 1) 
We characterize the sensible Nusselt number using the following expression:
The collect efficiency (CE) of the venturi is calculated using the following expression [22] :
The Equation (15) associated to initial and boundaries conditions are discretized using an implicite scheme based on the finite volume method and described by Suhas V. Patankar [23] . The system of algebraic equation deduced from discretisation of the radial momentum equation component, energy and diffusion equations, is for each equation tri-diagonal; so it was solved by Thomas algorithm. The discretisation of the axial momentum equation leads to an algebraic equation system composed of M equations and (M + 1) unknowns variables (U and P). Consequently, it was solved with Gauss algorithm. The convergence was obtained when the following criterion was satisfied: The validation of our numerical code has been carried out by comparing our results with the most closely numerical solution (see Figure 2) .
As seen, the discrepancies between our results and those of W. M. Yan and T. F. Lin [24] do not exceed 0.01%.
The computational grid is uniform in the two directions. The step length in each direction and the step time ∆t * = 1.89 × 10 −3 are chosen by numerical experiments provided by the stabilities conditions of Thomas and Gauss algorithms. To ensure that the results are grid independent, computations are carried out for several mesh size. The effect of the grid size on the Nusselt number leads to a mesh size of 60 nodes in the η direction and 120 nodes in the ξ direction corresponding to the step lengths (Δη, Δξ). Δη = 17 × 10 . As seen, an increase of the number of nodes by a factor of four does not influence the results significantly. The discrepancies between Nusselt values for mesh size (60 × 120) and mesh size (120 × 240) reported in Table 2 is less than 5%.
Results and Discussion
In the present study, calculations were performed for : Figures 3-7 show the effect of Reynolds number on the velocity and the axial pressure evolution in the venturi. We note that the venturi effect is observed (velocity and pressure gradient evolution are opposite in each section of venturi). In fact, in the converging section there is a continuous increase of the pressure drop due to the acceleration of the mixture air-particles-water droplets velocity resulting of the conversion of the potential energy into kinetic one of the mixture air-particles-water droplets through the venturi throat. Maximum velocity of the mixture air-particles-water droplets is reached in the throat. In addition, the increasing of Reynolds number increases venturi effect. Figures 8-10 illustrate the effects of Reynolds number on the flow structure. The change of streamlines is observed for large Reynolds numbers, consequently of the increase of flow velocity. For low Reynolds number, streamlines are parallel to the channel walls. Effects of parameter β on streamlines patterns are presented on Figures 11-13 . β equal to 1 is related to a classical vertical channel, streamlines are parallels to the channel walls as showing in Figure 12 . When decreasing β, channel is progressively transformed to venturi one. We note that streamlines are very close in the convergent and divergent section, and they are merged in the throat particularly for β equal to 0.35. The flow velocity in the throat is of course more important as β decreases.
An analyse of the effect of the ratio droplets concentration/particles concentration at the inlet (Figures 14-17 ) show that for equal inlet concentrations, there is no difference between particles and droplets concentration at the venturi exit. This result is the consequence of one of our hypothesis (the number of particles collected equal to the number of droplets lost). We note that the increase of the ratio droplets concentration/particles concentration leads to a better collect of particles because the interactions particles-droplets are depending on the droplets number and increases as the droplets number increases. So the collect efficiency is depending on the ratio (droplet concentration/particles concentration). Figure 18 show the collect efficiency versus time. Collect efficiency is more important as the particles-droplets residence time in the venturi scrubber is rising. This result is in agreement with results of others authors [25] . It is clear that particles staying during a long time in the scrubber enhance their probability to be collected by droplets.
The effect of Reynolds number on the collect efficiency is presented in Figure 19 . The collect mechanism according to one of our hypothesis is supposed to be only by diffusion and interception; The collect efficiency decreases as the Reynolds number increases because the particles-droplets residence time particles decreases in the venturi scrubber. We note also, the existence of a critical Reynolds number where the decrease of the collect efficiency is very important and tends to be constant. Figure 20 show that the collect efficiency increases as β values decreases. This result confirms that in the venturi scrubber, a better mixing particles-water droplets due to the reduction of the channel diameter leads to an improvement of the collect efficiency. Venturi scrubber appears to be more efficient for submicron particles scrubbing than a wall plane channel one.
Conclusions
Submicron particles scrubbing in a vertical rectangular venturi scrubber is numerically investigated in the present study. In order to determine the collect efficiency, transfers equations are solved using finite volume method, Gauss and Thomas algorithm. The effects of inlet Reynolds number, flow structure, inlet ratio droplet concentration/particles concentration, venturi diameter ratio and species residence time on the collect efficiency are been investigated in details. The major results are: -A venturi scrubber is more efficient for submicron particles scrubbing than a wall plane channel one.
-Collect efficiency is better at low Reynolds numbers, high ratio droplet concentration/particles diameter, low venturi diameter ratio and high residence time of species.
-There is a critical Reynolds number, where the collect efficiency decreases significantly and tends to be constant.
